The serC-aroA operon of Salmonella galfinarum was isolated from a gene library using a labelled oligonucleotide probe and by complementation of an aroA Escherichia cofi strain. The nucleotide sequence of a 2.6 kbp fragment was determined. The predicted amino acid sequence of the aroA gene product was compared to the equivalent sequence from ten other organisms. Computer-generated evolutionary trees clearly divide the eleven sequences into four different groups: Gram-negative bacteria, Gram-positive bacteria, fungi and plants. These trees depict a close evolutionary relationship between the sequences from Gram-negative bacteria and higher plants.
Introduction
Fowl typhoid, the disease caused by Salmonella gallinarum, remains a significant worldwide problem, especially in those countries which are beginning to intensify their poultry industry (Pomeroy, 1984; Silva, 1985) . Because of its economic importance and due to the emergence of antibiotic-resistant strains of S. gallinarum (Stuart et al., 1962 (Stuart et al., , 1967 Smith et al., 1981) control of the disease by vaccination is desirable. Killed vaccines are of little practical value and an attenuated rough strain, although affording protection, has been shown to possess virulence for some breeds of chickens (Smith, 1956; Silva et al., 1981) .
Recent work with S. typhi, S. typhimurium and S . dublin indicates that strains of Salmonella harbouring stable mutations in the sere-aroA operon are attenuated and make excellent vaccines in mice and other animals Stocker et al., 1983; Smith et al., 1984; Stocker, 1988) . Attenuation probably results from a block in the aromatic biosynthetic pathway causing a requirement for p-aminobenzoic acid and dihydroxybenzoic acid, neither of which is readily Abbreviations : Ap, ampicillin; EPSP, 5-enolpyruvylshikimate 3-phosphate; MM, minimal medium ; PSAT, 3-phosphoserine aminotransferase.
The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession number M36178.
available in vertebrate tissue. An aroA strain of S . gallinarum may prove to be an ideal live vaccine against fowl typhoid and could also be used as a vehicle to deliver heterologous antigens to the chicken immune system.
As well as being of interest as a site of bacterial attentuation, the sere-aroA operon suggests the existence of an interesting regulatory link between the common aromatic biosynthetic pathway, the serine biosynthetic pathway, and the pyridoxine biosynthetic pathway (Hoiseth & Stocker, 1985) . Much recent interest has been shown in the aroA gene product, 5-enolpyruvylshikimate 3-phosphate (EPSP) synthase, of plants, which is the primary target for the herbicide glyphosate (Stalker et al., 1985; Steinrucken & Amrhein, 1980) . Sequence analysis of proteins and nucleic acids provides a new and powerful approach to measure evolutionary relationships between organisms. Genotypic information is superior to phenotypic information in two main ways: firstly, it is readily, reliably and precisely interpreted; and secondly, it is innately more informative. Data presented here brings the total of different aroA genes sequenced to date to eleven and provides an ideal opportunity to examine the evolutionary relationships between the EPSP synthase enzymes of bacteria, fungi and plants.
In this study we describe the cloning and characterization of the serC-aroA operon of S . gallinarum, compare the predicted protein sequence with that of other organisms and construct evolutionary trees showing the H . G . Grifin and A . M . Grifin evolutionary relationships between prokaryotic and eukaryotic sequences. Implications for the evolutionary relationships between bacteria, fungi and plants are discussed.
Methods
Bacterial strains, plasmids and bacteriophages. S . gallinarum strain 9 was provided by P. Barrow (Barrow et al., 1987) . Escherichia coli AB2829, which harbours a stable aroA mutation, was obtained from G. Dougan (Maskell et al., 1988) . Cosmid pHC79, encoding ampicillin (Ap) and tetracycline resistance, plasmid pUC 18, encoding Ap resistance, and bacteriophage M 13mp19 were supplied by Gibco BRL. E. coli K12 strain TBl, F ara A(1ac-proAB) rpsL\lr80d lacZAM15 hsdRl7 (rk mi !), was used as a host for plasmids; HBlOl and JMlOl (Sambrook et al., 1989) were used as hosts for pHC79 and M13 respectively.
Media and reagents.
Bacteria were grown in L broth or on L agar (Miller, 1972) . Strains carrying M13 were grown in 2 x YT broth or on H agar containing X-Gal and IPTG (Miller, 1972) . Minimal medium (MM) agar plates were as described by Miller (1972) ; vitamin B1 was added to a final concentration of 100pgml-*, and when required, tyrosine, tryptophan, phenylalanine, dihydroxybenzoic acid, and p-aminobenzoic acid (aromix) were added to a final concentration of 100 pg ml-l. Antibiotics and other chemicals were obtained from Sigma. Antibiotics were used at the recommended concentrations (Sambrook et al., 1989 nuclease and T4 polynucleotide kinase were obtained from Gibco BRL and were used according to the manufacturer's instructions. Standard molecular cloning, hybridization, transformation and electrophoresis techniques were used (Sambrook et al., 1989) . DNA sequence analysis was performed using dideoxy chain terminators (Sanger et al., 1977) using T7 polymerase (Tabor & Richardson, 1987 ) with a Sequenase version 2 kit (USB, Cleveland, Ohio). A 3.1 kbp fragment was subcloned into the PstI site of M 13mp19. Ordered sets of deletions were generated using exonuclease I11 (Henikoff, 1984) the primer site being protected by KpnI digestion and deletion proceeding from a BamHI site. End repair was effected with the Klenow fragment of DNA polymerase I and S1 nuclease, and the molecules recircularized using T4 DNA ligase. Overlapping sequencing runs were performed to determine the sequence of a 2.6 kbp fragment. Both strands were sequenced.
High molecular mass DNA was prepared from S. gallinarum by the method of Hull et al. (1981) as modified by Maskell et al. (1988) . The cosmid library of S. gallinarum was prepared by first performing a partial digestion of high molecular mass chromosomal DNA with Sau3AI to yield fragments in the size range 30-40 kbp. The partially cleaved DNA was ligated into the BamHI site of cosmid pHC79 and packaged into A particles as described by Sambrook et al. (1989) .
Computer analysis of sequence data. Sequences were read into a BBC microcomputer using a sonic digitizer (Graf/Bar Science Accessories Corporation) and data were analysed on Micro VAX 3600 using the computer programs of the University of Wisconsin Genetics Computer Group (UWGCG) (Devereux et al., 1984) , PHYLIP (Felsenstein, 1985) and CLUSTAL (Higgins & Sharp, 1989) .
Evolutionary trees.
The evolutionary relationship between the predicted protein sequence of the S. gallinarum aroA gene presented here was compared to all available published EPSP synthase sequences. These include bacterial sequences from E. coli (Duncan et al., 1984) , S . typhimurium (Stalker, et al., 1985) , Bordetella pertussis (Maskell et al., 1988) , Yersinia enterocolitica (O'Gaora et al., 1989) and Bacillus subtilis (Henner et al., 1986) ; fungal sequences from Saccharomyces cerevisiae (Duncan et al., 1987) and Aspergillus nidulans (Charles et al., 1986) ; and plant sequences from Petunia hybrida, Lycopersicon esculentum (Gasser et al., 1988) and Arabidopsis thaliana (Klee et al., 1987) .
The computer programs used to examine the potential evolutionary relationships between the eleven different aroA genes were FITCH and KITSCH, from the Phylogeny Inference Package (PHYLIP) of Felsenstein (1985) , and CLUSTAL (Higgins & Sharp, 1989) . These programs use distance matrix methods to generate evolutionary trees. FITCH and KITSCH use an algorithm based on the least squares method of Fitch & Margoliash (1967) while CLUSTAL utilizes the unweighted pair group maximum averages (UPGMA) algorithm. Details of how data were prepared for analysis by the FITCH and KITSCH programs are described by Griffin & Boursnell(l990) . Basically, trees were constructed from a table of distances generated by the UWGCG program GAP (Devereux et al., 1984) for alignments between pairs of sequences. The three programs (FITCH, KITSCH and CLUSTAL) make various assumptions about the data; these assumptions are discussed in detail elsewhere (Bishop et al., 1987; Felsenstein, 1985; Lewin, 1988; Tateno, 1985) . The programs FITCH and KITSCH were run on a Micro VAX 3600, and CLUSTAL was run on an IBM-compatible personal microcomputer.
Results and Discussion
Cloning of the sere-aroA operon of S . gallinarum 9
A cosmid gene library of S. gallinarum was constructed in pHC79 using both E. coli HBlOl and the aroA E. coli AB2829 as hosts. Infected E. coli AB2829 cells were plated onto MM agar containing Ap and incubated at 37°C for 3d. One colony (cosmid 1) was picked and purified on MM plus Ap. This strain grew well on solid and liquid MM.
Infected E. cofi HBlOl cells were plated on L agar containing Ap. Colonies were replica-plated, transferred to nitrocellulose, and probed with a 25-mer oligonucleotide (5'-AATCCCTGACGTTACAACCCATCGC-3') labelled with [y3*P]ATP (Sambrook et a f . , 1989). This sequence, from an area of high conservation near the 5' end of the aroA cistron of E. coli and S . typhimurium, should hybridize near the centre of the S. gallinarum serC-aroA operon because sere is promoter-proximal to aroA (Hoiseth & Stocker, 1985) . Four positive colonies out of 1000 were detected. Caesium chloride purified DNA from one of these (cosmid 2) was used to transform E. cofi AB2829. Transformants grew well in liquid and solid MM.
DNA from both cosmid 1 and cosmid 2 was digested with a range of restriction endonucleases and Southern hybridization performed using the 25-mer oligonucleotide probe. The probe hybridized to a 6.0 kbp EcoRI fragment, a 5.6 kbp SalI fragment, and a 4.5 kbp EcoRISalI fragment from cosmid 2, each of which was subcloned into pUC 18. Information available for the E.
complemented the aroA mutation of E. coli AB2829. The coli operon (Duncan & Coggins, 1986) suggested that the DNA sequence of the ends of the inserted fragments was coding regions should be accommodated by about determined using forward and reverse primers (Sam-2.5 kbp of DNA. All three recombinant plasmids brook et al., 1989). The 3' end of the aroA gene was 
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DNA sequence analysis
Sequence was determined for a 2.6 kbp region (Fig. l) , which was shown by homology with the E. coli sequence to contain the entire serC-aroA operon. The serC coding region has been published previously (Griffin, 1990) . We have identified a putative promoter region and potential ribosome-binding sites (Fig. 1) . The serC and aroA open reading frames are separated by a 70 bp non-coding sequence. A sequence resembling a factor-independent RNA polymerase terminator site is located in this region (Fig. 1) . The E. coli intergenic region also contains a terminator (Duncan & Coggins, 1986) but the longer 95 bp non-coding region of Y . enterocolitica apparently does not (O'Gaora et al., 1989) . The sequence of this region is unavailable for S . typhimurium or other bacterial species.
Comparison of the S. gallinarum serC and aroA sequences with those of other organisms An alignment of the predicted protein sequence of the aroA gene of S. gallinarum with those of ten other organisms is presented in Fig. 2 . This alignment should be very useful in the identification of residues important for polypeptide functioning since previous alignments have been based on a maximum of only five different EPSP synthase sequences (Maskell et al., 1988; O'Gaora et al., 1989) . Several areas of very high homology are evident. The putative glyphosate-binding site (Gasser et al., 1988) is conserved in all eleven species sequenced to date (amino acids 172-186 as numbered in Fig. 2) . The functions of the other conserved regions are uncertain. The protein sequences from the higher eukaryotes contain a 76 amino acid extension at the N-terminal region of the EPSP synthase sequence (Fig. 2) . This is the transit peptide sequence which is required for transport of the enzyme into the chloroplast stroma (della-Cioppa et al., 1986). There are nine base pair differences between the DNA sequences of S. gallinarum and S . typhimurium. These result in the production of four conservative amino acid substitutions : positions 1 12, 1 17, 159 and 247 in Fig.  2 . Since the aroA gene is highly conserved in the majority of species studied so far, the small difference (less than 1%) between the aroA genes of S. gallinarum and S . typhimurium probably reflects genetic drift between the two Salmonella serotypes (Table 1 ). The S . gallinarum aroA protein is slightly more homologous (89.2%) than the S . typhimurium enzyme (88.8%) to the E. coli aroA gene product (Table 1) .
The serC protein, 3-phosphoserine aminotransferase (PSAT), encoded by the same bacterial operon as EPSP synthase, also shows a high degree of conservation between different species (Table 2) . We compared the S . gallinarum sequence to the three other available PSAT sequences (Duncan & Coggins, 1986; Misrahi et al., 1987; O'Gaora et al., 1989; van der Zel et al., 1989) . The resulting alignment is presented in Fig. 3 . We noted the presence of several regions which were highly conserved even between the mammalian and bacterial sequences. Fig. 3 . Alignments of the amino acid sequences predicted for the translated serC genes from four different species. The sequences were aligned using the computer program CLUSTAL. In these comparisons, the gap penalty was set at 10. CLUSTALOUT was used to change the linelength of the alignment to 100, and introduce an uppercase letter to denote the positions where the observed amino acid was present in all four sequences. An asterisk (*) indicates the position of a conservative substitution. EC, Escherichia coli ; SG, Salmonella gallinarum ; YE, Yersinia enterocolitica ; OC, Oryctolagus cuniculus (rabbit). between the aroA gene products
Trees depicting evolutionary relationships between the sequences of eleven different EPSP synthase enzyme sequences from the prokaryotic and eukaryotic species are presented in Fig. 4 . Three different methods were used to generate these trees, since it has previously been shown that different computer programs can generate different trees from the same data (Griffin & Boursnell, 1990) . As mentioned in Methods, CLUSTAL utilizes a different algorithm from that used by KITSCH and FITCH, while KITSCH and FITCH differ from each other in that KITSCH assumes that a constant evolutionary clock is valid, i.e. the rate of evolution in each branch is the same. The existence of such an evolutionary clock is still controversial; however it has proven to be a very valuable 'dating' device in molecular evolution (reviewed by Lewin, 1988; Wilson et al., 1987) . In the KITSCH tree the branch lengths reflect the time elapsed since divergence has occurred, while in the tree generated using FITCH, the branch lengths are proportional to the expected amount of change since divergence has occurred. Regardless of the computer program used, the evolutionary trees clearly divide the enzyme sequences into four different groups ; Gram-negative bacteria, Gram-positive bacteria, plants and fungi. In fact the trees depict B. subtilis as being no more closely related to the Gram-negative bacterial species than it is to the fungal and plant species. Two pairs of species are consistently depicted as being closely related. These are the bacterial Salmonella species, S. gallinarumlS. typhimurium, and the members of the plant family Solanaceae, L. esculentumlP. hybrida. In addition to these similarities, the programs also consistently show that B. pertussis is the first Gram-negative bacterial species to emerge following the divergence of the ancestral gene into early fungal and bacteriallplant genes. The plant EPSP synthase enzyme differs from that of the fungal and bacterial enzymes in that it is synthesized as a precursor with an N-terminal transit peptide sequence (see alignment Fig. 2 ). We constructed trees using the mature plant EPSP synthase enzyme sequences, i.e. without the H . G . Grifin and A . M . Grifin transit sequences, and found that these were identical to the trees depicted in Fig. 4 (data not presented) .
Our results show that the EPSP synthase enzymes are divided into four separate groups on the evolutionary trees : fungi, plants, Gram-negative bacteria and Grampositive bacteria. Because plants and fungi are both eukaryotic organisms, we had expected that their EPSP synthase enzymes would be more related to each other than they would be to the bacterial enzymes. The trees presented here clearly show that the divergence between plant and Gram-negative bacterial EPSP synthases occurred some time later than the divergence of the fungal synthase from an ancestral enzyme. There are several possible reasons for this. For instance, the groupings depicted may simply reflect the fact that in fungi, the EPSP synthase is part of a pentafunctional enzyme, AROM, expressed as a polyprotein encoded by the AROl gene (Charles et al., 1986; Duncan et al., 1987) , while in bacteria and plants the EPSP synthase enzyme is encoded by an individual aroA structural gene (Klee et al., 1987; Gasser et al., 1988; Henner et al., 1986; Maskell et al., 1988; O'Gaora et al., 1989; Duncan et al., 1984; Stalker et al., 1985) . Our findings also support the hypothesis that plastids in plants are descendants of endosymbiotic prokaryotes that invaded ancestral plant cells (Margulis, 1970) . Some genes present in these prokaryotes are proposed to have migrated to the nucleus of their eukaryotic host (Weeden, 1981; Gasser et al., 1988) . Such genes would retain homology with prokaryotic sequences. A similar hypothesis has been proposed to explain the evolutionary relationships between the glyceraldehyde-3-phosphate enzymes of plants, animals and fungi (Shin et al., 1986) .
